This paper investigates an uplink grant-free non-orthogonal multiple access (NOMA) system with a multiple-antenna base station (BS), in which each user autonomously transmits its own data by multiplying its unique but non-orthogonal spreading sequence, namely code-domain NOMA, and proposes two receivers efficiently performing active user detection (AUD), channel estimation (CE), and data detection, simultaneously. We first propose a receiver based on multiple measurement vector approximate message passing (MMV-AMP), and the threshold for AUD is theoretically analyzed. Numerical results show that the symbol error rate (SER) of our receiver with the designed threshold is comparable to that of grant NOMA in which active users are ideally known. To reduce the complexity, we further propose a receiver based on Boosted AMP, which converts the original multiple-vector reconstruction problem into a smallersized vector reconstruction problem. Upon AUD via Boosted AMP, this receiver performs both CE and data detection via well-known linear minimum mean squared error (MMSE). Computer simulations reveal that our low-complexity receiver exhibits SER performance comparable to that of a conventional scheme based on block sparse adaptive subspace pursuit (BSASP), while the complexity is significantly reduced.
I. INTRODUCTION
Internet-of-Things (IoT) has gained considerable attention because of its promising effects on our daily lives and industries [2] ; therefore, future wireless communications systems need to have the capability to accommodate a massive number of devices. The traffic of IoT such as massive machinetype communications (mMTC) would be sporadic because only a small fraction of massive users will be active to transmit their sensing data, control data, and so on in each coherence time [3] . Thus, grant-free transmission, namely random access, which does not exclusively assign radio resources to every users for data transmission, is suitable in such mMTC scenarios [4] . However, random access such as slotted ALOHA suffers from severe interference among users because of frequent collisions, and this results in remarkably unreliable transmission and even lower throughput than grant-based multiple access such as time-division
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To overcome this inherent limitation of random access, grant-free non-orthogonal multiple access (GF-NOMA) has gained considerable attention not only from academia but also the industry, which allows users to transmit simultaneously and resolve each packet via advanced signal processing techniques such as successive interference cancellation (SIC). A promising and feasible approach of GF-NOMA is coded ALOHA [5] , [6] ; users autonomously transmit their own packets multiple times, and the base station (BS) resolves each of them from collided packets using SIC iteratively. By optimizing the probability mass function of the number of retransmissions, namely degree distribution, coded ALOHA exhibits high throughput comparable to that of grant-based multiple access. To further improve the performance when the number of active users fluctuate, frameless ALOHA has been proposed [7] . Moreover, frameless ALOHA with multiple-BS cooperation and the application of ZigZag decoding into frameless ALOHA have been studied to further improve the VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ throughput performance [8] , [9] . Although these approaches provide remarkably superior performance, detection algorithm based on SIC requires a large memory to store all oversampled signals over multiple observation slots and results in large computational delays owing to iterative processing. These requirements are not preferable to IoT systems in practice.
As a promising alternative, grant-free code-domain nonorthogonal multiple access (NOMA) based on compressed sensing has been actively investigated in the literature [10] . In this approach, every user transmits its own data spread by a pre-assigned unique sequence that must have the low coherence property [11] , and this structure enables the BS to detect who transmitted the data among all users using an efficient compressed sensing algorithm because AUD can be interpreted as a sparse recovery problem caused by the inherent sporadic traffic property of mMTC. Indeed, this does not need SIC and a large memory to store oversampled signals. The natural question that may arise here is how to design the receiver based on compressed sensing to efficiently perform channel estimation (CE) and/or multiuser detection (MUD) besides active user detection (AUD).
To this end, the scheme to jointly perform AUD and CE for a single-antenna BS has been proposed in [12] . This scheme combines the message passing algorithm with block sparse Bayesian learning algorithm to perform highly accurate CE with low complexity. A joint AUD and CE scheme for the NOMA system with a multiple-antenna BS has been proposed [13] . The scheme utilizes the algorithm based on approximate message passing (AMP) by exploiting block sparsity in the multiple measurement vector (MMV) called multiple measurement vector approximate message passing (MMV-AMP). 1 Note that the performance of MMV-AMP can be analyzed precisely by state evolution. This approach has been further extended to a multi-cell cooperative multiple-input-multiple-output (MIMO) system with a cloud-radio access network architecture [15] . Recently, to realize massive access for the enhanced mobile broadband (eMBB) scenario, the schemes for AUD and CE for uplink massive MIMO orthogonal frequency division multiplexing systems have been investigated [16] . However, none of them investigated MUD besides AUD and CE, which is crucial to realize GF-NOMA.
As a further development, the blind MUD for uplink GF-NOMA based on sparse code multiple access has been proposed [17] . This receiver requires different tailored algorithms to perform AUD, CE, and MUD, and the MUD requires high computational complexity. MUD based on a linear minimum mean-squared error (MMSE) detector has been investigated besides AUD and CE based on AMP [18] . This receiver exhibits the high-error floor of the symbol error rate (SER). The threshold-aided block sparsity adaptive subspace pursuit (BSASP) to jointly perform AUD, CE, and MUD, and it provides superior SER performance [19] . This algorithm however requires high-complexity and properly tuned thresholds for each signal-to-noise ratio (SNR). Besides, to the best of our knowledge, GF-NOMA with a multiple-antenna BS and its corresponding tailored receiver have not been investigated yet in the literature.
To this end, this paper studies uplink code-domain GF-NOMA with a multiple-antenna BS and proposes two low-complexity receivers exploiting multiple measurements at the BS. The contributions of this paper are summarized as follows:
• We propose a receiver based on MMV-AMP that jointly performs AUD, CE, and MUD, and we derive the analytical performance of the AUD.
• We then address the theoretical design of the threshold for AUD to further improve the overall performances of GF-NOMA systems. This theoretically designed threshold leads to remarkably improve the performance of MUD of MMV-AMP, and computer simulations show that the SER performance of our proposed receiver surprisingly achieves the performance of linear MMSE with the perfect knowledge of active users, namely grant-based code-domain NOMA.
• To further reduce the complexity, we propose a receiver based on boosted approximate message passing (Boosted AMP), which utilizes the combination of MMV-AMP and the conversion inspired by reduce MMV and boost (ReMBo) [20] . By converting the original multiple measurement vector recovery (MMVR) problem into other vector reconstruction problems using multiplying random matrices, the computational complexity of Boosted AMP can be reduced significantly while keeping the performance loss small. Computer simulations show that the performances of Boosted AMP are comparable to those of BSASP [19] . The rest of this paper is organized as follows. In Section II, the system model is described in detail. After the proposed receivers are introduced in Section III, their performance analyses and theoretical threshold design are shown in Section IV. In Section V, the performances are evaluated by comparing the conventional scheme via computer simulation. Section VI concludes this paper.
Preliminaries: Throughout this paper, we use following notations. The transpose and conjugate transpose of a vector and a matrix, the l p -norm of a vector, and the Frobenius norm are (·) T , (·) H , · p , and · F , respectively. The conjugate of a complex value is expressed as (·) * ; the cardinality of a set S is expressed as |S|; and E[·] is the expectation operation. CN (a, b) denotes a complex Gaussian distribution with mean a and variance b. Further, 0 L and I L are L-dimensional column vectors in which all elements are zeros and the identity matrix of order L, respectively. The L 1 × L 2 matrix in which all elements are zeros is expressed as O L 1 ×L 2 . 
II. SYSTEM MODEL
We consider a model comprising a network with N singleantenna users and a common BS equipping M antennas, as shown in Fig. 1 . Based on the transmission scheme of codedomain NOMA, each user has its unique but non-orthogonal spreading sequence of length L < N . Throughout the paper, we assume that all users are synchronized in a frame structure, only K < N users are active within the duration of the frame, and channels do not change in the entire frame. Every active user transmits a pilot symbol and J data symbols to the common BS by multiplying their own spreading sequence while all inactive users do not transmit any symbols in the frame. Fig. 2 depicts the frame structure of active users. Let x n,p ∈ C, x (j) n,d ∈ C, and a n ∈ C L×1 be the pilot symbol, the data symbol at j th time slot, and the unique spreading sequence for user n, respectively. In this paper, the sequence a n is designed to satisfy a n 2 2 = 1 and a low-correlation against the other vectors a m , (m = n, m ∈ 1, 2, . . . , N ) [11] . Then, the received signals in the entire frame at BS can be expressed as
where ξ , A, and h n ∼ CN (0 M , I M ) denote the total transmission power in each time slot, the set of indices of active users, and the channel between BS and user n, respectively. The matrices X p ∈ C N ×M and X (j) d ∈ C N ×M are equivalent signals at the pilot phase and the j th data phase. Moreover,
. . , J are noise matrices in which all elements obey CN (0, σ 2 n ). Further, the equivalent signals X include both transmitted symbols and channel effects. For simplicity, if n ∈ A, we can set the pilot symbol x n,p and data symbol x (j) n,d to 1 and the phase-shift keying (PSK) symbol with normalized power, respectively, unless, the symbols are supposed to be zero. The SNR is defined as ξ/σ 2 n throughout the paper. 2
III. PROPOSED RECEIVERS A. CONVENTIONAL RECEIVER BASED ON BSASP
In [19] , the original form (1) is converted into the single measurement vector recovery (SMVR) problem with a single block sparse signal as follows, via a vectorization operation [21] :
, and z r ∈ C 1×M (J +1) denote the th row vector of Y, X, and Z, respectively. As the vector c in (2) can be regarded as the K block sparse signal composed of N blocks with block size M (J +1), the conventional receiver solves the problem (2) by BSASP.
Note that the performance of AMP significantly degrades when the algorithm based on AMP is applied to the conventional receiver because the equivalent measurement matrix D consists of multiple diagonal matrices and these elements are not independent identically distributed [22] .
Meanwhile, our proposed receivers straightforwardly deal with the original problem (1) unlike the conventional one. For the sake of simplicity, we assume that the rows of the matrix X in (1) follows the Bernoulli Gaussian distribution
where K /N , δ 0 denotes Dirac's delta function, and p h denotes the distribution of the rows corresponding to active users h ∼ CN (0 M (J +1) , I M (J +1) ) because the n (∈ A) th row vector of X consists of the products of the channel h n and complex symbols, which become 1 or a certain PSK symbol whose energy is normalized. The equivalent measurement matrix A can satisfy the condition that the elements are independent identically distributed and thus enables the BS to use the low-complexity algorithm based on AMP to reconstruct the matrix X. Therefore, the proposed receivers can conduct AUD, CE, and MUD with lower complexity than the conventional one. The following subsections explain the proposed receivers, which are based on MMV-AMP and Boosted AMP, under the above assumption.
B. RECEIVER BASED ON MMV-AMP 1) MMV-AMP ALGORITHM
Our proposed receiver estimates not only channel coefficients but data symbols corresponding to active users simultaneously, unlike [13] . Here, we first explain the basics of the algorithm, i.e., MMV-AMP, to realize this estimation.
, the operations of the MMV-AMP algorithm at each iteration can be expressed as
where
2) MMSE DENOISER
To accurately reconstruct the desired signals X, we consider using the MMSE denoiser in the MMV-AMP algorithm. An MMSE denoiser is given by the conditional expectation E[X n |X t,n ], where a set of random vectorsX t,n = X n +
, and the positive definite matrix t [13] .
For the sake of simplicity, the positive definite matrix is assumed to be a diagonal matrix at each iteration.
where we have
Hence, the MMSE denoiser can be expressed as
where φ t,n = 1
Furthermore, the random vectorX t,n can be written as X t,n = X t,n + τ t V n because of the assumption of (6). Therefore, the first-order derivative of the MMSE denoiser η t,n (·) is [23] :
where var[X n |X t,n =x t,n ] denotes the conditional variance of X n . Based on [13] , the conditional variance of X n can be expressed as
3) ESTIMATION OF ACTIVE USERS, CHANNELS, AND DATA SYMBOLS After the processing of the MMV-AMP with the MMSE denoiser, the AUD is first performed using the characteristics of the MMSE denoiser. Then, based on the result of the AUD, the estimates of the channels and data symbols are obtained from the outputs of MMV-AMP, simultaneously. The active user detector and channel estimator are designed based on the fact that φ t,n given in (9) tends to 1 if π t,n > ψ t,n and 0 if π t,n < ψ t,n for large M (J + 1). After t iterations of (4) and (5), compute τ 2 t according to (7) and compare π t,n and ψ t,n , as defined in (10) and (11), for each user n. Thus, the estimated set of A is determined aŝ
where the threshold θ t,n is given by
The derivation of θ t,n is described in Section IV. Moreover, the channel coefficients corresponding to user n determined as the active user, i.e., n ∈Â, are estimated aŝ
In addition to the AUD and CE as defined in (14) and (16) respectively, the data symbol of user n at the j-th time slot can be estimated aŝ
where X denotes the set of the PSK symbols.
C. LOW-COMPLEXITY RECEIVER BASED ON BOOSTED AMP
Although the receiver based on MMV-AMP exhibits superior performance with low-complexity, its complexity is probably too high to perform when the number of measurements, i.e., the value of M (J + 1), increases considerably. To this end, we propose a receiver based on Boosted AMP. This proposed receiver executes the AUD using the Boosted AMP and joint CE and MUD using the MMSE detector. This receiver performs the following steps: 1) Convert the MMVR problem into the one whose dimension is smaller than M with the same sparsity pattern by multiplying the received signal Y by a random matrix V i ∈ C M (J +1)×M B , i.e.,Ỹ i = YV i , where i denotes the index of the iteration. 2) Solve the MMVR problem using the MMV-AMP algorithm. Starting withR 0 (4) and (5), instead of R t and S t as defined in Section III-B.1. For simplicity, we assume that the desired signals of the MMVR problem follow the Bernoulli-Gaussian distribution.
3) After the iterations of the MMV-AMP algorithm, the log-likelihood ratio (LLR) L i n for AUD is calculated as 
where the matrixÃ is the matrix comprised of the column vectors a n with n ∈Â. Therefore, the estimated channels and data symbols can be obtained aŝ
x (j)
respectively. In the case of M B = 1, the computational complexity of AUD can be further reduced because the MMVR problem is converted into the SMVR problem, and it is solved via AMP. However, the accuracy of AUD degrades compared to Boosted AMP with M B > 1, and thus, there is a tradeoff between its performance and complexity. The tradeoff will be discussed in Section V.
D. COMPLEXITY COMPARISONS
In this subsection, we briefly review the complexity of each receiver. First, the complexity of the receiver based on MMV-AMP is dominated by the matrix multiplication of (5), i.e., AS t+1 . Since A ∈ C L×N and S t+1 ∈ C N ×M (J +1) , the complexity of the receiver can be given by O (LNM (J + 1) ).
Next, the complexity of the receiver based on Boosted AMP; its complexity depends on the values of the dimension of the converted MMVR M B and the iterations of ReMBo T rem . The receiver uses MMV-AMP to reconstruct the desired signals with dimensions M B and its complexity comes from the multiplication of the L × N matrix and N × M B matrix. Hence, the overall complexity of the receiver based on Boosted AMP is given by O(LNM B T rem ). Note that the parameters M B and T rem are typically set to satisfy M B T rem < M (J + 1) to reduce complexity.
Finally, we review the complexity of the receiver based on BSASP. According to [19] , BSASP requires the number of complex multiplications in each iteration to be
where s is the number of estimated active users in the iteration. Therefore, the main computational complexity of the BSASP can be expressed as O(LN (M (J + 1)) 2 + (M (J + 1)s) 3 ), and it grows exponentially as the number of measurements increase, i.e., antennas and transmitted symbols.
In conclusion, the complexities of the conventional and proposed receivers are listed in Table 1 . This indicates that the complexities of our proposals are remarkably lower than that of [19] , and thus, they can be applied to the GF-NOMA systems with massive MIMO.
IV. PERFORMANCE ANALYSES AND THRESHOLD DESIGN FOR AUD
The performance of our proposed receivers depends on the performance of AUD because the estimation of channels and data symbols is performed based on the results of AUD. In this section, we analyze the AUD performance of the proposed receivers in terms of miss detection (MD) 3 probability, which is the probability that an active user is incorrectly detected as a non-active user and is defined as
as functions of M signifying the number of antennas at the BS. Moreover, the threshold θ t,n in (14) is most important to perform AUD accurately, and it affects the overall performance of GF-NOMA systems.
A. MMV-AMP
Because the receiver based on Boosted AMP also uses the MMV-AMP algorithm, we first explain the performance analysis of MMV-AMP.
1) STATE EVOLUTION
State evolution is known as a useful tool to analyze the performance limit of AMP based on a large system limit.
In this analysis, it is assumed that the number of users N , the number of active users K , and the length of spreading sequences L all go to infinity, while their ratios N /L and K /N converge to some fixed positive values ω ∈ (0, ∞) and ∈ (0, ∞), respectively. While keeping the total transmission power ξ fixed, the state evolution for MMV-AMP computes τ 2 t iteratively as [13] 
with the random vectorX t,n as defined in Section III-B.2.
2) DERIVATION OF PROBABILITY DENSITY FUNCTION
The design of the threshold detector for AUD requires knowledge of the statistical property of the squared-norm of (R t ) T a * n + s t n . According to the equivalent signal model X t,n = X t,n + τ t V n in the state evolution, the entries of (R t ) H a * n + s t n can be modeled as Gaussian random variables. Below, we derive the probability density function (PDF) of (R t ) T a * n + s t n 2
. a: THE PDF Of The AUD'S METRIC FOR NON-ACTIVE USERS
The vector s t n becomes 0 M (J +1) for n / ∈ A, and then, the distribution of s t n 2 2 can be ignored. On the other hand, the vector (R t ) T a * n corresponds to the random vector τ t V n , and then, (R t ) T a * n 2 2 can be regarded as the squared-norm of the random vector obeying CN (0 M (J +1) , τ 2 t I M (J +1) ). Therefore, the PDF of X t,n 2 2 for n / ∈ A is given by
where (·) denotes the Gamma function and α n is the user activity indicator for user n defined as α n = 1 (n ∈ A) 0 (n / ∈ A).
(29) b: THE PDF OF THE AUD'S METRIC FOR ACTIVE USERS
We first utilize the following approximation to further simplify the analysis.
The PDF of the first term in (30) is given by (28), whereas that of the second one can be given by
since s t n 2 2 for n ∈ A can be regarded as the scaled squarednorm of the channels, i.e., s t n 2 2 = (J + 1) h n 2 2 , because of the structure of the transmitted frame. Therefore, the distribution of (30) is approximately given by the distribution of the sum of two independent and non-identical Gamma random variables, i.e., X 1 ∼ (M (J + 1), τ −2 t ) and X 2 ∼ (M , (J + 1) −1 ), where (α, β) denotes the Gamma distribution. The PDF can thus be given by [24] p(X |α n = 1)
where 1 F 1 (·; ·; ·) is a confluent hypergeometric function [24] , [25] . Hence, the probability of MD can be approximately obtained by
3) DERIVATION OF THRESHOLD FOR AUD
Based on the PDFs of (28) and (32), the threshold detector in (14) can decide whether the user is the an active user. Here, the modified threshold are derived instead of θ t,n in (14) . The LLR of the two situations is given by
Hence, the modified threshold is the value ofX where the above LLR becomes zero. Although the threshold cannot be expressed as the closed form, it can be obtained numerically.
The conventional threshold is based on the fact that the PDFs of (R t ) T a * n + s t n given that the user is inactive or active are given by p((R t ) T a * n +s t n |α n = 0) = exp(− (R t ) T a * n +s t n 2
p((R t ) T a * n +s t n |α n = 1) = exp(− (R t ) T a * n +s t n 2 respectively. Consequently, the value of threshold θ t,n in (14) is derived from the following criterion:
The values of θ t,n obtained from the criteria in (34) and (37) using τ 2 t computed by state evolution are shown in Fig. 3 , where J = 6, ω = N /L = 4, and = K /N = 0.1. As is obvious from Fig. 3 , the value of the proposed threshold is smaller than that of the conventional one, and the gap between the proposed and conventional thresholds grows gradually with the increase in SNR. This implies that the AUD with the proposed threshold tends to detect more users as active, and is hence unlikely to miss actual users.
B. BOOSTED AMP
We further discuss the performance of the receiver based on Boosted AMP when M B < M (J +1) and M B T rem ≤ M (J +1) because of attempting to lower the complexity than the one based on MMV-AMP.
Owing to the nature of MMV-AMP, the accuracy of the reconstruction improves with an increase in the number of measurements M (J + 1), whereas the value of τ 2 t decreases. This implies that the performance of MMV-AMP in step 2 of Boosted AMP is inferior to the one solving (1) under the condition that M B < M (J + 1). Furthermore, even if Boosted AMP solves the MMVR problems with the M B -dimensional desired signals T rem times when M B T rem ≤ M (J + 1), this cannot outperform the method of applying MMV-AMP to the original problem of (1) directly.
As the receiver based on Boosted AMP utilizes the MMSE detector for CE and MUD, its performance depends on the result of AUD, i.e., the dimension ofÃ in (20) . If |Â| > L, the reconstruction problem becomes an underdetermined problem and consequently leads to the degradation of the performance of the MMSE detector in (20) meanwhile the one with MMV-AMP does not face such problem since it reconstructs data of non-active users as all zero sequences. Thus, it is significant to limit the candidates of the estimated active users correctly. Further, the redesign of the criterion for AUD like the receiver based on MMV-AMP results in the performance degradation because the probability of FA increases. Therefore, the criterion in (19) is a judicious choice to perform CE and MUD efficiently.
V. NUMERICAL RESULTS
In this section, we evaluate the normalized mean-squared error (NMSE), SER, and the probability of the MD of our proposed receivers via computer simulations. For all simulations, the matrix A is obtained by uniformly randomly selecting the rows of a discrete Fourier transform (DFT) matrix, and each element of the random matrix V i for Boosted AMP is assumed to take either −1/ √ M (J + 1) or 1/ √ M (J + 1). Also, quadrature phase-shift keying (QPSK) is exployed. Moreover, the simulation parameters are set based on [19] and listed in TABLE 2. For simplicity, we use the notation ''Boosted AMP (T rem , M B )'' to denote Boosted AMP where the number of iterations of ReMBo and the dimensions of the converted MMVR are T rem and M B , respectively.
A. NMSE PERFORMANCE
First, we investigate the NMSE performance to confirm the accuracy of CE. The NMSE is defined as
where X p denotes the period corresponding to the pilot period of X in (1) andX p is the estimate of X p . Furthermore, to provide a benchmark for performance comparison, we consider the oracle MMSE by assuming that the BS knows the active users perfectly. This is because oracle MMSE becomes the lower bound of the performances of MMV-AMP and Boosted AMP with the MMSE denoiser. Fig. 4 shows the NMSE performances of MMV-AMP, Boosted AMP, BSASP, and oracle MMSE where M = 1. Note that the performance of BSASP is obtained using scaled thresholds of [19] at each SNR, i.e., P th := L · P th , because of the difference in the definition of SNR. These results show that the receiver based on MMV-AMP can nearly achieve the accuracy of CE using oracle MMSE and outperform the conventional scheme of [19] . Besides, the performance of the receiver based on Boosted AMP solving T rem = M (J + 1) SMVR problems is inferior to that of the conventional one when SNR is less than 15 dB, while its performance is comparable when the SNR is more 15 dB. Although it is a natural result, the performances of the receiver with (T rem , M B ) = (3, 1) and (T rem , M B ) = (1, 3) are worse compared to that of other receivers, and they are inferior to the oracle MMSE by about 2 dB at NMSE = 10 −2 .
B. MISS-DETECTION PROBABILITY
Second, we investigate the accuracy of AUD through comparisons of the probabilities of MD as defined in (24) . To investigate the effect of the threshold design, Fig. 5 depicts the probabilities of the MDs of MMV-AMP with the conventional and proposed thresholds. As the associated values, the analytical probabilities of MD P MD a (M ) in (33) are also depicted. In this figure, the abbreviations ''conv.,'' ''prop.,'' and ''sim.'' denote ''conventional,'' ''proposed,'' and ''simulation,'' respectively. As shown in Fig. 5 , the MMV-AMP using the threshold based on (34) remarkably outperforms the conventional one, i.e., using the threshold based on (37). The gain yields an SER performance that is close to that of the MMSE detector under the ideal assumption about AUD. Furthermore, The probabilities of MD of the conventional and proposed receivers are shown in Fig. 6 , where M = 1, 2, and 4. For the evaluation of the receiver based on Boosted AMP, we set T rem and M B to be equal or less than M (J +1)/2. MMV-AMP can be observed to significantly outperform BSASP and to enhance the performance with an increasing M . In addition, the performance of Boosted AMP is comparable to that of BSASP, unlike the NMSE performance. The performance gap between Boosted AMP and MMV-AMP becomes smaller with an increase in M , while a large gap remains even when M = 4, e.g., about 7 dB at P MD (M ) = 10 −4 . This is a reparation to significantly reduce the computational complexity. In contrast, the performance gap between the Boosted AMP using AMP and the one using MMV-AMP enlarges with an increasing M . This implies that the tradeoff between performance and complexity is affected by the increase in the number of measurements at the BS.
C. SER PERFORMANCE
Finally, we evaluate the SER performance of our proposed receivers. In this paper, the symbol error is defined as the event that the AUD for the actual active user fails or the data symbol is not detected even if the AUD succeeds.
To begin with, Fig. 7 depicts the SER performances of oracle MMSE and MMV-AMP with the conventional and proposed thresholds for M = 1, 2, and 4. The performance of BSASP is also shown as the benchmark for M = 1. It is observed that MMV-AMP can nearly achieve the SER performance of oracle MMSE by the threshold based on (34), unlike conventional studies, i.e., [18] , [19] . Moreover, the growth of the performance gap between MMV-AMP and oracle MMSE in the high SNR regime decreases owing to the improvement of the probability of MD. Although it is obvious from the result shown in Fig. 5 , the gap gradually degrades with the growth of M , as observed in Fig. 7 . As a result, by utilizing the properly designed threshold, the performance of MMV-AMP can be improved as contrasted with a straightforward implementation based on [13] . In addition to the evaluation of the probability of MD, the SER performance with the proposed threshold is hereafter shown as a result of MMV-AMP.
Next, we discuss the effect of the threshold for AUD on the performance of the receiver based on Boosted AMP. Fig. 8 shows the numerical example of the SER performance of the receiver using Boosted AMP versus the value of threshold where M = 2, M B = 1, T rem = 7, and SNR = 20 dB. The figure also depicts the associated probabilities of MD and FA. The main aim of redesigning the threshold is to minimize the SER performance, while it is observed that the performance based on the criterion in (19) is almost the optimal one. As mentioned in Section IV-B, this is because the receiver based on Boosted AMP utilizes the MMSE detector in (20) to estimate the channels and data symbols, and its performance depends on both MD and FA, i.e., the size ofÃ in (20) . Therefore, redesigning the criterion of AUD like that for the MMV-AMP does not work in Boosted AMP.
Third, the performances of our proposals and oracle MMSE with M = 1, 2, and 4 are shown in Fig. 9 , which includes the SER performance of BSASP as the benchmark for M = 1. As shown in the figure, the performance gap between Boosted AMP and MMV-AMP becomes smaller, i.e., about 6 dB at SER = 10 −4 for M = 4, as compared with the result shown in Fig. 6 . On the other hand, as the value of M increases, the performance gap between the receiver based on Boosted AMP for solving multiple SMVR problems and the one solving the MMVR problem increases.
Finally, we discuss the effect of how to reduce the complexity in the receiver based on Boosted AMP, and we focus on the case of M = 4. Fig. 10 shows the SER performance of MMV-AMP, Boosted AMP, and oracle MMSE for M = 4. Note that the receiver based on MMV-AMP with the conventional threshold is considered. Here, we consider the pairs of M B and T rem , which satisfy M B T rem = M (J + 1)/4 or M B T rem = M (J + 1)/2. The receiver based on Boosted AMP(14,1) solves 14 SMVR problems, in other words, it is equivalent that Boosted AMP(14,1) utilizes 14 measurement vectors. As shown in Fig. 10 , however, the performance of Boosted AMP(14,1) is comparable with that of Boosted AMP(1,7) , despite the fact that the latter solves the MMVR problem composed of 7 measurement vectors. This implies that the degradation of SER performance due to the reduction of complexity escalates when the original MMVR problem is converted into the SMVR problem. Moreover, Boosted AMP (1, 14) can achieve the performance gap within 2 dB from MMV-AMP at SER = 10 −4 while the former uses only half of the dimensions compared with the latter. Hence, the receiver based on Boosted AMP using MMV-AMP, i.e., M B > 1, would have the potential to satisfy the tradeoff between the performance and complexity for a large M .
VI. CONCLUSION
In this paper, we investigated the uplink code-domain GF-NOMA with a multiple-antenna BS and proposed two low-complexity receivers. One of our proposals exploits MMV-AMP to perform AUD, CE, and MUD jointly, and its analytical performance was derived. Moreover, the SER performance of the receiver can be remarkably improved by the theoretically designed threshold for AUD, and it approaches that of the code-domain grant-based NOMA with linear MMSE. The other proposal is based on Boosted AMP, which is the combination of MMV-AMP and ReMBo, to further reduce the complexity. The receiver was confirmed to attain a performance comparable to that of the state-of-theart BSASP while the complexity is lower than MMV-AMP. How to enhance performance gains of the receiver based on Boosted AMP will be investigated in our future work. Moreover, the application of our proposals in massive MIMO-orthogonal frequency division multiplexing (OFDM) systems also remains as our future work.
